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Abstract: Seeding rates of hybrid wheat varieties are typically much lower than conventional varieties
due to their higher seed costs, which could potentially delay canopy development leading to greater
weed pressures. To test whether hybrid wheat crops are more affected by weed pressure than
conventional cultivars, a conventional variety (“Illico”) and a hybrid (“Hystar”), were compared
in a three-year (2012–2016) field study at two sites in Northern Italy. Weed infestation was mainly
characterized by weeds with an early growth pattern, and in only a few seasons did the hybrid crops
show a higher weed density than the conventional cultivar. Despite the lower sowing rate, hybrids
were able to achieve a similar crop density to the conventional cultivar even in years of delayed
sowing or dry weather conditions. Normalized Difference Vegetation Index values were generally
similar between cultivars across the years, regardless of the presence of weeds, except during the
springtime. Occasionally, the test weight was significantly higher in weeded plots than un-weeded
plots. Overall, the two cultivars showed similar yields within the same year. These results indicate
that on fields with a low weed burden, and where these weeds emerge early, cultivars may not be
significantly affected by productivity losses.
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1. Introduction
Modern agriculture relies on the use of herbicides which still represent the most cost-effective tool
to control weeds [1,2]. However, in the last decades the sustainability of herbicide use is increasingly
threatened by a continued rise in the number of herbicide-resistant weed species [2–5]. As a result,
in the last decades weed management has moved towards more integrated weed control strategies,
which include a variety of agronomic, mechanical, ecological, physical, and biological practices [6,7].
In particular, the ability of crops to tolerate weed competition while maintaining high yields can
be usefully exploited. Crop competitiveness can be distinguished in weed tolerance and weed
suppression [8,9]. Both abilities may help to reduce the development of weeds, diminishing the seed
dispersal across the season, replenishing their weed seed bank [10].
Crop competitiveness is linked to different plant characteristics, but in particular it is directly
related to the leaf area and the rapidity of canopy closure [11]. The possibility of exploiting crop
competitiveness is of particular importance in organic farming, where herbicides are not allowed
and the remaining control tools are not as effective as the chemical applications [12,13]. Cereals are
generally considered more competitive crops than broadleaved species. However, not all cereals show
the same competitive ability against weeds. Barley is more competitive than rye and wheat due to its
early season growth vigour and to its more expansive root system [14,15].
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Crops that rapidly shade the soil surface with their canopy show a more pronounced competitive
ability against weeds [16]. This trait is influenced both by species and varieties, but also by
technical-agronomic options. For example, cereals may allow high seeding rates and/or reduced row
spacing that can eventually result in a significant decrease of weed density and weed competition [14,17].
Other studies reported a significant effect of row orientation on weed development in cereals such as
wheat and barley [18].
Crop and livestock demand will increase worldwide according to the FAO prospects [19].
This represents a great challenge both for developed and developing countries. As cereals are still
the main sources of food supply, stakeholders should make great efforts to achieve these objectives.
The cereal production increased almost unabated over the last 60 years thanks mainly to breeding
technologies, the enlargement of irrigated land area, and the wide use of chemical fertilizers, in particular
those based on nitrogen and phosphorus [20]. While in developing countries we can expect an increase
in the area under cereal cultivation, in developed countries we will see a further reduction in cultivated
area [21]. Breeding technologies allowed very high yields to be gained for certain cereals such as
maize and rice, while in other cereals the yield improvement has not been so dramatic. The potential
advantages of hybrid wheats are higher biomass production, higher yields, and wider adaptation to
different soil and climate conditions [22].
Despite hybrid wheat programs having been carried out over many decades, the impact of hybrid
wheat varieties on the total sown area still remains limited [20]. Up to 2019, more than 140,000 ha
have been cultivated with hybrid wheat in Europe, half of them in France. A more limited area is
nowadays being cultivated in Hungary and Italy (30,000 ha) [23]. Overall, obtaining hybrids from
autogamous species is not as easy as in allogamous species and it results in a considerably higher cost
of seeds relative to conventional varieties. The systems used in the past to obtain hybrids in other
cereal crops were less successful in wheat due to a variety of problems (fertility restoration, toxicity
effect of hybridising agents, etc). Recently new hybridising systems have been proposed and followed
thus refreshing the interest of certain companies in wheat hybrids [20].
Furthermore, we have also to consider that with wheat, yield benefits are controlled by dispersed
dominant alleles [20].
The introduction of hybrid cultivar requires the reconsideration of the cropping system in order to
enhance the strength of these genotypes and to minimize their weakness points. In particular, the higher
cost of seeds determines the need to reduce the seeding rate, which rate isapproximately one third of
the ordinary amount of conventional cultivars. This may lead to delayed canopy development, and a
longer period of an open canopy, potentially allows a higher ingress of weeds and, as a consequence,
a greater dependence on herbicides.
On the other hand, hybrids could recover the initial disadvantage by means of a higher tillering
capacity. Despite the weed suppression ability of certain cereals, no information is available regarding
the competitive behaviour of hybrid wheats compared to conventional varieties. The reduced seeding
rate adopted in hybrid varieties leaves more bare soil free to be colonized by weeds in the early part of
the growing season. This condition could potentially determine some yield reduction due to the high
weed pressure. Up to now, these speculations have not yet been thoroughly investigated.
The aim of the present study was to verify whether wheat hybrids are potentially more affected
by weed pressure. These hypotheses have not yet been investigated experimentally. For this scope,
a conventional and a hybrid variety were compared in a three-year field study carried out in two pedo-
climatic conditions. Specific crop and weed assessments were done in order to highlight the differences
between the two varieties both in terms of yield performances and weed density.
Agronomy 2020, 10, 526 3 of 14
2. Materials and Methods
2.1. Study Sites
Field experiments were carried out from 2012 to 2016 at two locations in Piemonte (Northern
Italy): Cigliano (45◦18′54.8” N, 8 02′53.9” E and 237 m a.s.l), and Grugliasco (45◦04′00.5” N, 7◦35′35.3”
E and 293 m a.s.l.) (Figure 1). At Cigliano, the study was carried out in a private farm with a long
history of cereal cultivation, while in Grugliasco the study was conducted at the experimental fields of
the University of Turin. Cigliano site was characterised by a sandy-loam soil (sand 50.7%, silt 38.9%,
clay 10.4%), Typic Hapludalfs (USDA classification), with sub-acidic reaction (pH 6.2), a very low
cation exchange capacity (0.92 meq 100 g−1) and a C/N rate of 10.7. The Grugliasco soil is classified as
Typic Hapludalf, silty-loam (sand 41.0%, silt 48.1%, clay 10.9%), sub-acid (pH 6.1), mesic soil, with a
low cation exchange capacity (8.9 meq 100 g−1) and a C/N rate of 9.0. At Cigliano the study was carried
out in the seasons 2012–13, 2013–14, and 2015–16, while at Grugliasco it was carried out in the seasons





Figure 1. Geographical localization of the study area. The two red icons on the left image identify the
two experimental locations.
2.2. Experimental Layout
Two wheat cultivars were compared: the conventional “Illico” (Syngenta Italia S.p.A.) and the
hybrid “Hystar” (Venturoli Sementi s.r.l, Italy). In all seasons, “Illico” was sown at a rate of 220 kg ha−1,
while “Hystar” at a rate of 75 kg ha−1. In both years and locations, fields were sown at 15 cm
row spacing using a conventional seeder, in a north–south orientation. Both cultivars were sown
on November 7, October 22 and October 21, in 2012, 2013, and 2015, respectively, at Cigliano site,
and October 22, November 2 and October 21 in 2013, 2014, and 2015, at Grugliasco. Fields were
managed according to the local agricultural practices. Seed-bed preparation consisted of an autumn
ploughing at 30 cm, followed by a disk-harrowing. A total of 120 kg N ha−1 was applied as a granular
ammonium nitrate fertilizer, split into 60 kg N ha−1 at tillering (growth stage 23 on the BBCH scale of
Lancashire et al. [24] and 60 kg N ha−1 at stem elongation (BBCH 32). Phosphorus and potassium were
applied in each site according to the ordinary management of the farms. All the plots were sprayed at
the flowering stage with prothioconazole and tebuconazole [Prosaro®, Bayer, emulsifiable concentrate
formulation (EC), applied at 0.125 kg of active ingredient (AI) ha−1] to control fungal disease. Plots were
characterized by homogenous weed infestations. Fields were routinely treated only in post-emergence to
control weeds by means of a mixture of different post-emergence herbicides. As pre-emergence application
of herbicide is an uncommon practice in the region, no pre-emergence treatments were done on the field.
At Cigliano, weed control was undertaken by applying the herbicide Granstar Trio® at 50 g ha−1 [florasulam
(5.25 g ha−1) + metsulfuron-methyl (4.15 g ha−1) + tribenuron (4.15 g ha−1); DuPont de Nemours Italiana
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s.r.l.]. At Grugliasco weed control was done applying a mixture of Manta® Gold at 2.5 L ha−1 [fluroxypyr
(150 g ha −1) + clopyralid (58.25 g ha−1) + MCPA (665 g ha−1); Dow AgroSciences Italia s.r.l.] and Axial® at
0.4 L ha −1 [(pinoxaden (40 g ha−1) + cloquintocet-mexyl (5 g ha−1); Syngenta Italia s.p.a.].
The experimental plots were located within contiguous fields cultivated respectively with the
conventional and hybrid wheat cultivar. In each location, the compared treatments were represented
by the following: absence of weed control (NOT-WEEDED treatment) and presence of weed control
(WEEDED treatment). In the NOT-WEEDED treatment, plots were covered with a plastic film during
herbicide spraying in order to avoid any drift from the adjacent treated plots. The experimental fields
were previously managed under a continuous two-year rotation maize–wheat system (Cigliano) or
maintained as meadow for 5 years (Grugliasco). The study was conducted every year on the same
location but in different fields. At each location, experimental plots of 12 m−2 each were arranged in a
complete randomized design with four replications for each cultivar and treatment.
2.3. Weed Assessments
Weed assessments were carried out by counting weed density (number of plants of each weed
species per m2) and visually evaluating weed cover on the ground (%). Weed density was assessed by
counting the number of individuals of each species present within a metal quadrat frame of known
area (0.625 m2). Weed cover was evaluated by estimating the percentage of the area included in the
metal frame covered by the weeds. At each assessment date, weed density and cover were assessed on
three quadrat locations in each plot selected by randomly launching the metal frame. A total of 12
measurements were taken at each assessment (3 times per plot, 4 plots per field).
Two weed assessments were carried out, the first when the wheat crop was at early stem elongation,
and the second between the start of heading and the late milk stage (Table 1). In Cigliano, the most
abundant weed species were Stellaria media (L.) Vill., Veronica persica Poiret, Matricaria chamomilla L.,
Panicum dichotomiflorum (L.) Michaux and Viola arvensis Murray, while at Grugliasco the most detected
weed species were Poa spp., Stellaria media (L.) Vill., Veronica persica Poiret and Ranunculus repens L.
Table 1. Wheat growth stage according to the BBCH scale [25] at the time of weed assessments carried
out in the period 2012–2016 at the two locations.
Location Season
First Assessment Second Assessment
Crop BBCH Stage Crop BBCH Stage
“Hystar” “Illico” “Hystar” “Illico”
Cigliano
2012–2013 31/32 31/32 50/51 50/51
2013–2014 32/33 32/33 62/63 64/65
2015–2016 30/31 30/31 64/65 64/65
Grugliasco
2013–2014 30/31 30/31 39/40 39/40
2014–2015 32/33 32/33 80/81 80/81
2015–2016 30/31 30/31 77/78 77/78
2.4. Crop Assessments
2.4.1. Yield, Test Weight, and Moisture
Grain yield was measured by harvesting the whole plot using a plot combine (Wintersteiger
Seedmech Ried im Innkreis, Austria). A sample taken from the bulk production harvested in each plot
was used to determine the grain moisture and test weight (TW) (4 plots per treatment, 4 replicates).
The TW was measured using a GAC® 2000 Grain Analyzer (Dickey-John Auburn, IL, USA) using
the supplied program and after a validation with reference materials. The grain yield results were
adjusted to a 13% moisture content.
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2.4.2. Spike Density
At the end of flowering, the crop density was recorded by counting the number of spikes in a
sampling surface of 0.04 m2 per plot. The crop density was expressed as number of spikes per m2.
In each plot the number of spikes was counted twice and the mean value was used as the average
number of spikes of the plot (4 plots per treatment, 4 replicates).
2.4.3. Crop Vigour after Winter Dormancy
A hand-held optical sensing device, GreenSeeker™ (Trimble, Sunnyvale, California, USA),
was used to measure every 7 days the relative photosynthetically active biomass from the spring tillering
stage after winter dormancy to the heading stage. In each plot the Normalized Difference Vegetation
Index (NDVI) data acquisition was repeated twice and the mean value was used as the value of the whole
plot (4 plot per treatment, 4 replicates). The measurement of NDVI helps to quantify the development of
the crop canopy across the season. This device has its own consistent light emission source, photodiode
detectors, and interference filters for red [Red] and near infrared [NIR] wavelengths at the 671 ± 6 nm and





where RNIR is the NIR radiation reflectance and RRed is the visible red radiation reflectance.
The instrument was held approximately 80 cm above the canopy and its effective spatial resolution
was 2 m2. The NDVI values are proportional to the crop biomass and the greenness.
2.4.4. Statistical Analysis
Weed density, yield and the main yield-related parameters were compared by performing t-tests
on differences between cultivars within the same treatment (WEEDED/NOT-WEEDED) and between
cultivars in different treatments (WEEDED vs NOT-WEEDED). SPSS, version 25.00, (SPSS, IBM
Corporation, 2008), was used for the statistical analysis.
2.5. Weather Conditions
The meteorological trend observed in the period 2012–2016 at the two locations under study is
reported in Tables 2 and 3. The Grugliasco site showed the highest total rainfall as well as the greatest values
of growing degree days (GDD). From November to March, the growing season 2015–2016 was the one with
lowest rainfall, with less than 195 mm of rain fallen in Cigliano and 232 mm in Grugliasco. In terms of GDD,
relevant variations were observed between years at Cigliano, while they were less pronounced at Grugliasco.
Table 2. Monthly rainfall and growing degree days (GDD) observed at Cigliano from sowing to the













November 182.4 272.4 67.6 251.3 4.6 270.2
December 10.6 112.7 139.2 168.7 3.8 163.5
January 16.8 142.2 117.2 148.6 13.6 119.4
February 40.4 110.1 128.8 178.7 120.2 157.5
March 118.0 208.2 71.0 335.1 52.4 251.9
April 164.8 398.0 137.6 428.0 36.6 404.8
May 160.8 479.6 84.4 514.6 171.4 489.6
June 16.4 619.8 143.8 636.8 83.4 624.0
Nov.-June 710.2 2342.9 889.6 2661.7 486.0 2480.7
Nov.-Mar 368.2 845.5 523.8 1082.3 194.6 962.4
April-June 342.0 1497.4 365.8 1579.4 291.4 1518.3
¥ Data from agrometeorological service of Regione Piemonte. GDD: Accumulated growing degree days for each
month using a 0 ◦C base.
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Table 3. Monthly rainfall and growing degree days (GDD) observed at Grugliasco from sowing to the













November 118.8 272.25 255.2 308.1 2.6 301.8
December 82.4 168.5 61.4 200.7 2.8 189.55
January 83.4 166.4 21 166.95 9 163.25
February 119.8 188.3 103.4 144.05 136.2 193.7
March 89.2 346.9 119.6 320.75 80.8 303.4
April 79.2 450.05 81 435.55 66.4 441.55
May 59.4 533.8 46.8 584.2 119.2 518.45
June 102.4 648.85 141.6 674.3 41.2 644.55
Nov.-June 734.6 2755.0 830 2834.5 458.2 2756.2
Nov.-Mar 493.6 1142.3 560.6 1140.5 231.4 1151.7
April-June 241.0 1632.7 269.4 1694.0 226.8 1604.5
¥ Data from agrometeorological service of Regione Piemonte. GDD: Accumulated growing degree days for each
month using a 0 ◦C base.
3. Results
3.1. Weed Density and Weed Cover
During the 2012–2013 growing season the study was carried out only at the Cigliano site.
Weed density and weed cover data are reported in Tables 4 and 5. At the first assessment, conducted
almost at the beginning of the spring season (April 10), the average weed density was 109 plants m−2
in “Hystar” plots (hybrid variety) and 102 plants m−2 in “Illico” plots (conventional variety), without
significant differences between the two cultivars. In both cultivars the most abundant weeds were Stellaria
media, Matricaria chamomilla and Polygonum aviculare. The highest average weed cover was around 10%.
At the second assessment a noticeable increase in weed density was observed in both cultivars, particularly
on “Hystar” plots (198 plants m−2). Weed flora was more diversified than the previous assessment as
other annual summer weeds appeared (Echinochloa crus-galli, Panicum dichotomiflorum).
In 2013–2014 the study was carried out both at Cigliano and Grugliasco. At Cigliano, at the
time of the first assessment (March 12), weed density was not significantly higher in hybrid variety
(“Hystar”) plots (50.7 plants m−2) than in the conventional (“Illico”) plots (51 plants m−2). Less than
20% of the soil was covered by weeds. At the second assessment, weed infestation did not change
greatly (Table 4), and Stellaria media was the most abundant species in both cases. At Grugliasco the
most abundant weeds were Veronica persica, Polygonum aviculare, Papaver rhoeas, Ranunculus repens
and Poa spp. On average, at the first assessment (March 14), weed infestation was significantly
highest in “Illico” plots (414.7 plants m−2). Despite the high weed density values, weed cover did not
exceed 15%. Infestation was mainly composed by Poa annua, Veronica persica and Ranunculus repens.
On the second assessment (April 17), weed infestation was on lower values compared to the previous
assessment; a significantly high weed pressure was recorded in “Hystar” plots (242.9 plants m−2) while
an important decrease in weed density was observed on “Illico” plots (Table 4).
In 2014–2015 the study was carried out only on the Grugliasco site. At the first assessment (April
8) a high weed pressure was observed in “Illico” plots and it was mostly represented by Poa spp. and
Veronica persica. During the last season under investigation (2015–2016), the study was carried out at
both sites. In Cigliano at the assessment carried out in March, weed density showed low values at both
sites (less than 14 plants/m−2). In Grugliasco weed infestation was relevant: on the first assessment
(March 24), weed density was 142.7 plants m−2 on “Hystar” plots and 126.5 plants m− 2 on “Illico”
plots, without significant differences between cultivars.
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Table 4. Weed density measured at the two locations in the period 2012–2016 on WEEDED plots.
Location
Weed Density (Plants m−2)
First Assessment Second Assessment
“Hystar” “Illico” “Hystar” “Illico”
Cigliano
2012/2013 109.0 ψ 102.0 198.0 * ψ 128.0 *
2013/2014 50.7 51.0 56.0 60.8
2015/2016 9.3 ψ 13.3 ψ 46.7 ψ 38.7 ψ
Grugliasco
2013/2014 312.0 414.7 ψ 242.9 * 161.3 * ψ
2014/2015 172.0 * ψ 350.7 * ψ 248.3 ψ 190.7 ψ
2015/2016 142.7 126.5 128.0 149.3
Notes: * Statistical differences between cultivars within the same assessment (“Hystar” vs “Illico”);ψ Statistical differences
between assessment within each cultivar (I◦ assessment vs II◦ assessment). “Histar” (hybrid); “Illico” (conventional).




First Assessment Second Assessment
“Hystar” “Illico” “Hystar” “Illico”
Cigliano
2012/2013 10.1 ψ 8.1 ψ 37.5 * ψ 16.7 * ψ
2013/2014 13.6 ψ 19.9 ψ 55.0 ψ 48.0 ψ
2015/2016 3.6 3.8 4.4 4.9
Grugliasco
2013/2014 11.5 ψ 14.7 ψ 52.9 * ψ 36.7 * ψ
2014/2015 15.0 ψ 16.7 ψ 37.9 * ψ 25.5 * ψ
2015/2016 16.2 * ψ 10.8 ψ 47.5 * ψ 27.9 * ψ
Notes: * Statistical differences between cultivars within the same assessment (“Hystar” vs “Illico”);ψ Statistical differences
between assessment within each cultivar (I◦ assessment vs II◦ assessment). “Histar” (hybrid); “Illico” (conventional).
3.2. Crop Assessments
3.2.1. Grain Yield
In all the seasons, in general no significant differences were observed in terms of grain yields
between the two cultivars. The hybrid cultivar achieved the same yield performances of the conventional
cultivar. The only exception was observed on WEEDED plots at Cigliano site in 2015–2016 (Table 6)
when the yield observed in Hystar plots (8.4 t/ha) was significantly highest compared to the yield
recorded on the conventional cultivar (7.2 t/ha). Even in NOT-WEEDED plots no significant differences
were detected in both sites during the seasons under study. The presence of weeds seemed not to
have a great influence on the yield performances of the two cultivars as the comparison of the yields
achieved in presence or absence of weed pressure generally did not show significant yield differences.
At Cigliano, in 2012–2013 “Hystar” showed a significantly higher yield in NOT WEEDED plots, while
in the last season (2015–2016) despite the scarcity of rainfall during the winter time, high yields were
reached by the two varieties in WEEDED plots. The highest yield monitored in “Hystar” plots may be
related to the minor weed infestation observed, particularly at the first assessment. At Grugliasco,
the analysis did not show any statistical differences between the yields measured in WEEDED and
NOT-WEEDED plots, regardless of the cultivar. In this location, the highest grain yields were reached
in Illico cultivar (≥ 9.6 t/ha) in 2013–2014 (Table 6), while the lowest was measured in 2015–2016 season
in Illico plots. The reduced yields recorded in the 2015–2016 growing season at Grugliasco are likely
attributable to the negative impact of the winter drought on crop growth.
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Table 6. Grain yields recorded at the two locations in the studied period.
Location Year
Grain Yield (t ha−1)
WEEDED NOT-WEEDED
“Hystar” “Illico” “Hystar” “Illico”
Cigliano
2012–2013 6.12 ψ 6.33 7.48 ψ 7.21
2013–2014 8.41 8.03 8.18 8.08
2015–2016 8.37 * 7.23 * 8.23 7.61
Grugliasco
2013–2014 8.74 9.49 8.20 9.59
2014–2015 7.10 7.44 7.00 7.60
2015–2016 6.96 7.52 6.03 6.80
Notes: * Statistical differences between cultivars within the same treatment (WEEDED/NOT WEEDED);ψ Statistical
differences between treatments within each cultivar (WEEDED vs NOT WEEDED).
3.2.2. Test Weight and Grain Moisture
The statistical analysis showed a significant effect of the cultivar on these parameters. Overall,
the highest test weight values were measured on “Illico” cultivar, both in WEEDED and NOT- WEEDED
plots. The lowest test weights values were generally found in NOT-WEEDED plots, regardless of the
cultivar (Table 7). Only at Cigliano site, in 2013–2014 on NOT-WEEDED plots, and in 2015–2016 on
WEEDED plots, were no statistical differences observed between the two cultivars. At harvest time,
grains of “Hystar” cultivar often reported the highest moisture values, in particular on weeded plots.
At both sites, regardless of the presence or not of weeds, the highest grain moisture was measured
during the 2013–2014 growing season that was characterized by high rainfall. On NOT-WEEDED plots,
only in 2013–2014 were the grain moisture values statistically different between the two cultivars, in all
the other years grain showed similar humidity (Table 8).
Table 7. Test weight measured at the harvest in the two locations.
Location Year
Test Weight (kg hl−1)
WEEDED NOT-WEEDED
“Hystar” “Illico” “Hystar” “Illico”
Cigliano
2012–2013 77.66 * 81.84 * 78.05 * 80.94 *
2013–2014 73.85 * 76.01 * 73.61 75.42
2015–2016 77.09 ψ 80.76 77.76 ψ 81.04
Grugliasco
2013–2014 72.02 * ψ 75.17 * ψ 69.79 * ψ 73.74 * ψ
2014–2015 73.89 * 78.89 * 72.37 * 78.89 *
2015–2016 77.15 * 81.15* ψ 75.95 * 78.97 * ψ
Notes: * Statistical differences between cultivars within the same treatment (WEEDED/NOT WEEDED); ψ Statistical
differences between treatments within each cultivar (WEEDED vs NOT- WEEDED).




“Hystar” “Illico” “Hystar” “Illico”
Cigliano
2012–2013 12.31* ψ 12.14* ψ 13.56 ψ 13.14 ψ
2013–2014 15.34 * 14.92 * 15.04 15.04
2015–2016 13.91 ψ 13.82 ψ 13.36 ψ 13.77 ψ
Grugliasco
2013–2014 15.51* ψ 14.84* ψ 17.50* ψ 15.61* ψ
2014–2015 12.90 * 13.49 * 13.89 13.41
2015–2016 12.66* ψ 12.61* ψ 13.79 ψ 14.01 ψ
Notes: * Statistical differences between cultivars within the same treatment (WEEDED/NOT WEEDED); ψ Statistical
differences between treatments within each cultivar (WEEDED vs NOT- WEEDED).
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3.2.3. Spike Density
Spike density was not significantly affected by cultivar and weed competition. In particular, at the
Grugliasco site, the statistical analysis did not show differences in the number of spikes between the
two cultivars. Only in Cigliano had the “Illico” cultivar a higher number of spikes m−2 than the hybrid
cultivar, in 2013–2014 on WEEDED plots and in 2015–2016 on NOT-WEEDED plots. In both sites,
the highest spike density values were recorded during the 2015–2016 growing season, while the lowest
values were recorded in 2012–2013 at Cigliano site (Table 9).
Table 9. Spikes density recorded at the two locations in the studied period.
Location Year
Spikes Density (Spikes m−2)
WEEDED NOT-WEEDED
“Hystar” “Illico” “Hystar” “Illico”
Cigliano
2012–2013 353.12 407.81 343.75 416.87
2013–2014 463.90 * 591.85 * ψ 508.66 477.14 ψ
2015–2016 686.61 723.21 601.82 * 723.21 *
Grugliasco
2013–2014 467.16 448.57 485.45 565.25
2014–2015 428.26 448.57 375.72 448.21
2015–2016 500.41 500.00 503.74 514.29
Notes: * Statistical differences between cultivars within the same treatment (WEEDED/NOT WEEDED);ψ Statistical
differences between treatments within each cultivar (WEEDED vs NOT- WEEDED).
3.2.4. Crop Vigour
The crop vigour was determined taking NDVI measurements on the fields at different moments
of the crop cycle (Tables 10 and 11). Overall, only limited differences were observed between the
cultivars over the years, regardless of the presence of weeds. These differences, when statistically
relevant, occurred in particular in the period ranging from the end of the winter season to the beginning
of spring time (March and April). In Cigliano, in the first two seasons the differences are likely
attributable mainly to the presence of weeds within the plots, while in 2015/2016 season they could be
also associated with the higher plant density measured on “Illico” plots (Table 9). During the 2013/2014
growing season the NDVI values observed in NOT-WEEDED plots resulted in being significantly
higher than those observed in WEEDED plots, in particular on plots cultivated with the hybrid cultivar.
On these plots a weed coverage of about 50% was measured at the time of second assessment.
At the Grugliasco site, observing the data presented in Table 11, it is possible to note differences in
NDVI values measured in March over the years both in WEEDED and NOT-WEEDED plots. In the
first season (2013/2014) on March 12 NDVI values ranged from 0.66 to 0.77. At a similar period of time
for the two following seasons, the NDVI values ranged instead from 0.23 to 0.43. The reasons forf
these relevant differences are attributable primarily to the late sowing period and secondarily to low
rainfall. Wheat was sowed on October 22/21 in 2013/2014 and 2015/2016, while only on November 2,
in 2014/2015. The lowest NDVI values recorded in the last two seasons reflected an initial scarce growth
of both cultivars, due, in 2014/2015, to the retarded sowing, while in 2015/2016 because of the scarcity
of rainfall over the first three months after sowing. In 2014/2015, on NOT- WEEDED plots, at March
and April assessments, the “Illico” cultivar showed significantly higher NDVI values compared to
those observed in “Hystar”. As the two cultivars had a similar spike density, this difference was
likely due to the higher weed density on “Illico” plots (> 350 plants m−2) compared to “Hystar”
plots (172 plants m−2) (Table 4). In the following season, at the first NDVI assessments carried out in
February and March, on WEEDED plots the “Illico” cultivar showed higher NDVI values than those
observed in the “Hystar” cultivar.
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Table 10. Normalized Difference Vegetation Index (NDVI) values recorded at Cigliano in the period
2012–2013, 2013–2014 and 2015–2016.
NDVI
WEEDED NOT-WEEDED
Date “Hystar” “Illico” “Hystar” “Illico”
2012/2013
Apr 2 0.63 * 0.73 * 0.68 0.73
Apr 15 0.71 0.78 0.77 0.79
May 6 0.82 0.87 0.82 0.85
May 20 0.81 0.81 0.83 0.83
May 28 0.78 0.81 0.81 0.82
2013/2014
Mar 7 0.66 0.60 0.67 0.72
Mar 20 0.68 * 0.72 * 0.74 * 0.86 *
Mar 31 0.69 *ψ 0.75 *ψ 0.81 ψ 0.83 ψ
Apr 8 0.69 ψ 0.77 ψ 0.82 ψ 0.83 ψ
Apr 16 0.67 ψ 0.75 0.80 ψ 0.78
Apr 23 0.72 ψ 0.79 0.82 ψ 0.81
May 5 0.74 0.78 0.80 0.77
May 13 0.68 0.66 0.68 0.68
2015/2016
Feb 23 0.62 0.57 0.63 0.58
Mar 4 0.66 * 0.58 * 0.68 0.60
Mar 15 0.73 0.66 0.73 0.67
Mar 24 0.73 0.71 0.75 0.72
Apr 6 0.73 0.73 0.75 0.75
Apr 15 0.81 0.80 0.81 0.83
May 3 0.87 0.88 0.86 0.86
May 13 0.85 0.86 0.86 0.86
Notes: * Statistical differences between cultivars within the same treatment (WEEDED/NOT- WEEDED);ψ Statistical
differences between treatments within each cultivar (WEEDED vs NOT- WEEDED).
Table 11. NDVI values recorded at Grugliasco in the period 2013–2014, 2014–2015 and 2015–2016.
NDVI
WEEDED NOT-WEEDED
Date “Hystar” “Illico” “Hystar” “Illico”
2013/2014
Mar 12 0.71 0.77 0.66 0.76
Mar 24 0.81 0.79 0.79 0.86
Apr 4 0.76 ψ 0.82 ψ 0.88 ψ 0.90 ψ
Apr 11 0.70 *ψ 0.77 * 0.79 ψ 0.82
Apr 22 0.77 ψ 0.79 0.84 ψ 0.83
May 8 0.75 0.77 0.78 0.78
2014/2015
Mar 10 0.25 * 0.37 * 0.23 * 0.43 *
Mar 23 0.44 0.58 0.41 * 0.61 *
Apr 1 0.52 0.67 0.48 * 0.71 *
Apr 14 0.59 0.69 0.62 * 0.75 *
Apr 24 0.75 0.76 0.77 0.81
May 5 0.78 0.76 0.79 0.77
May 14 0.74 0.74 0.72 0.73
2015/2016
Feb 26 0.26 * 0.38 * 0.28 * 0.33 *
Mar 8 0.33 * 0.50 * 0.36 0.39
Mar 22 0.47 * 0.68 * 0.55 0.56
Apr 5 0.69 0.75 0.76 0.72
Apr 14 0.76 0.76 0.81 0.74
May 5 0.83 0.81 0.86 0.84
May 19 0.78 0.80 0.79 0.81
Notes: * Statistical differences between cultivars within the same treatment (WEEDED/NOT- WEEDED);ψ Statistical
differences between treatments within each cultivar (WEEDED vs NOT-WEEDED).
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4. Discussion
Wheat hybrid cultivars have become of great interest in the last decade. The global food cereal
demand for both human and animal consumption is constantly increasing as world population rises
and it will reach 3 billion tonnes in 2050 [21,26]. Unlike other cereals, such as rice and maize, where the
spread of hybrids is already affirmed, research activities and large-scale adoption in wheat are still
relatively limited [20]. The main advantage attributable to hybrid cultivars is their high productivity
compared to the conventional cultivars despite a considerable reduced seeding rate. A lower seeding
rate, which in our experiment was 33% of the conventional variety, leaves more soil free from crop
coverage, particularly during the initial part of the season. This could represent an opportunity for
weeds, which have more space free for growing. Considering that in Northern Italy most of the wheat
farmers apply post-emergence herbicides, from October to March, weeds are free to develop. In hybrid
cultivars we might expect a more evident development of weeds during this period, with potential
yield losses, competition, and greater weed seed burden for the following seasons.
Previous studies conducted on different wheat genotypes reported that with doubling the seeding
rate, yield losses were significantly reduced due to the suppression of weeds [27].
In this study, weed infestation at the two sites was mainly characterized by the presence of weeds
with early growth pattern, such as Stellaria media, Veronica persica, Matricharia chamomilla, Viola arvensis,
and Ranunculus repens. These species have a lower competitive ability than other more troublesome
wheat weed species (eg. Galium aparine L., Avena sterilis L., Lolium multiflorum Lamark, Papaver rhoeas
(L.) [28]. Overall, weed infestation at Grugliasco was much higher than that observed at Cigliano and
some weeds were not typical cereal weeds (eg. Ranunculus repens, Rumex spp.). This difference is
plausibly related to the agronomic history of the fields while over the last few years, these fields, until
2012/2013, were covered by a permanent grassland. It is well known how the agricultural management
system may affect the weed seed bank density as well as its composition [29]. If inserted within a
rotation, meadows have generally a cleansing effect on the seed bank [30]; however, in annual crops
that follow a meadow, some weeds that are not typical of the weed communities infesting these crops
may spread and become abundant in the first seasons. Grass in the rotation can potentially increase
some weed species such as Poa spp. and Matricaria spp. [31]. Similarly, the repeated application of
herbicides for weed control in conventional systems may lead to a shift of weed composition, in terms
of seed numbers and weed species [32]. When herbicides are the major agricultural tool, a reduction in
species composition is also expected [29].
Weed crop competition generally causes a significant reduction in crop yield [33,34]. At both sites,
the limited weed infestation did not lead to statistically significant yield reduction in either cultivar.
The reduced seeding rate adopted in the hybrid cultivar left more bared soil, however this free space
was not occupied by weeds as winter cereals show a certain ability to compete with weeds, but the
magnitude of this ability depends on the cultivar [12,13,34]. The new modern cultivars are more
productive, shorter, and with a higher harvest index than the older ones, but their yield potential is
only expressed when effective chemical weed control programs are adopted [27]. A high crop density
can generally hamper the growth of some weed species with the exception of those able to overhang
the crop canopy [28]. Weiner et al., [35] suggested that a more crowded and uniform distribution of
the crop may represent an effective strategy of weed control. Moreover, competition may affect wheat
yield especially when it occurs late in the cycle [33,35]. However, if weeds are not highly competitive
or have an early period of growth, they have scarce effect on crop yield [28]. Our results showed
that despite the initial reduced seeding rate, at the early dough stage, no differences in spike density
were observed between hybrid and conventional cultivar. In our experimental conditions, the hybrid
cultivar fully recovered the initial gap exploiting its high tillering ability. Overall, the two cultivars had
generally not dissimilar yields within the same year and only showed variations across the years due
to the differences in the meteorological conditions. Even in the absence of chemical control, the wheat
did not face severe weed competition, regardless of the cultivar.
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Over the years, at both sites, “Illico” cultivar showed the highest test weight values. Occasionally,
the test weight was significantly higher in weeded plots than plots not weeded. In these cases,
the highest weed density or a more relevant weed cover was observed. Considering the observed
lack of differences between varieties in terms of yield, the impact of weeds appears to be more
qualitative than quantitative. The differences observed in this yield parameter are related to the specific
characteristics of each cultivar and may be influenced by grain moisture [36–39]. The presence of weeds
is generally associated with an increase in the humidity rate of the grain [40]. This is because at the
time of harvest the crop has already ended its cycle while weeds may be still in active photosynthetic
activity [40]. Without the presence of weed infestation, “Illico” had the driest grain compared to
the hybrid cultivar. On the contrary, on infested plots the presence of weeds probably increased the
humidity rate of the conventional cultivar, bringing it close to the moisture values detected on the
hybrid variety, without statistical differences. The presence of weeds may affect the moisture level of
the crop microclimate favouring the development of fungal disease, even considering that many weeds
are recognized as reservoirs or inoculum of many fungal species [41]. Even a more humid grain at
harvest may boost the development of mycotoxigenic fungi [42], making a good weed control, essential.
NDVI is one of the most used spectral reflectance indices. It is commonly used to estimate biomass,
LAI (Leaf Area Index), photosynthesis and yield in many cereals, including wheat [43,44]. In our study,
NDVI differences between cultivars were generally encountered at the assessments carried out during
spring time, from February to April. In these assessments, “Hystar” always had the lower values
compared to the conventional cultivar. Differences of NDVI values within each cultivar attributable
to the presence (or not) of weeds were observed in both sites only during the 2013–2014 growing
season. The NDVI measurements pointed out that even in the case of delayed sowing or a dry period
in the first part of the growing seasons, the hybrid cultivar was able to recover the initial density gap
when the climatic conditions returned to be favourable to the growth. We may also consider that
dryness condition at the early growth stages may give cereals an advantage against some weeds [45],
while germination of weed seeds is reduced in the case of low soil moisture [46]. When weed flora is
composed of early emerging and less competitive weeds, we might not expect yield contractions even
with a high infestation density. The pedoclimatic conditions are also an important factor to be taken
into account. In our experimental conditions, despite the initial reduced sowing rate, hybrids were able
to achieve the same crop density as the conventional cultivar even in the case of delayed sowing time or
the driest meteorological conditions. From the agronomic point of view, in order to minimize the initial
risk of less homogeneous soil cover during the first stages of growth of hybrid wheat, it is important,
particularly in the cooler environments, to anticipate the sowing time and management of nitrogen
fertilization at sowing or at vegetative restart, in order to enhance a proper and quick crop tillering.
In conclusion, on fields characterized by a reduced weed pressure and in the case of weed
infestation mostly represented by early emerging weeds, hybrids cultivar may not be significantly
affected by yield losses. As the magnitude of weed infestation and its competitiveness are affected by
crop rotation history and weed flora composition, the initial hypothesis, postulating that a hybrid variety
would be more affected by weed infestation than a comparable conventional variety, was not supported.
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